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Resumo

ROCHA, Adriely. Avaliacdo do efeito de compostos da classe de 3-triazol-5-
fenil-telurotimidina em células de cancer de mama. 2019. 65 fls Dissertacédo
(Mestrado) — Programa de Pés-Graduacdo em Biotecnologia. Universidade Federal
de Pelotas, Pelotas.

A azido-3-desoxitimidina (AZT) é um nucleosidio inibidor da transcriptase reversa
com atividade antitumoral que vem sendo revitalizada através da insercdo de
moléculas que potencializam seu efeito. O objetivo deste estudo foi investigar o
efeito e os mecanismos subjacentes da morte celular do AZT e seus derivados em
linhagens celulares de cancer de mama humano. Esta neoplasia é o segundo tipo de
cancer mais comum em todo o mundo e o mais frequente entre as mulheres. A
guimioterapia utilizada atualmente é muitas vezes limitada devido, principalmente, a
toxicidade e ao desenvolvimento de resisténcia aos medicamentos utilizados. Com
essa problemética, pesquisadores vém demonstrando grande interesse no uso de
nucleosideos, ja que estes possuem uma vasta aplicacdo biolégica e uma estrutura
favoravel a modificagBes. O efeito inibitério do AZT e seus derivados (1a e 1b) foi
determinado pelo ensaio de MTT, andlises de citometria de fluxo foram utilizados
para avaliar, a inducdo de apoptose e a distribuicdo no ciclo celular. Por ultimo,
também foi analisado o efeito da combinacdo dos derivados la e 1b com
doxorrubicina. O ensaio de MTT mostrou que os derivados do AZT diminuiram a
taxa de proliferagao celular nas concentracbes de 12,5 yM em 48h, enquanto o AZT
comercial apresentou baixo potencial antitumoral. Na andlise por citometria de fluxo,
foi observado que os derivados do AZT nao induzem a apoptose na concentracao
testada e promovem a parada do ciclo celular na fase S. Quando os derivados foram
combinados a doxorrubicina foi demonstrado aumento significativo do efeito inibitorio
nas ceélulas de carcinoma de mama quando comparados aos tratamentos
individuais. Portanto, esses compostos sd0 potenciais agentes terapéuticos para o
cancer de mama.

Palavras-chave: AZT, telurio, neoplasia de mama, triplo negativo, antitumorais.



Abstract

ROCHA, Adriely. Evaluation of the effect of compounds of the class of 3-triazol-
5-phenyl-telthothymidine in breast cancer cells. 65 fls Dissertacdo (Mestrado) —
Programa de Pdés-Graduagdo em Biotecnologia. Universidade Federal de Pelotas,
Pelotas.

Azido-3-deoxythymidine (AZT) is a nucleoside reverse transcriptase inhibitor with
antitumor activity that has been revitalized through the insertion of molecules that
potentiate its effect. The objective of this study was to investigate the effect and
underlying mechanisms of cell death of AZT and its derivatives on human breast
cancer cell lines. This neoplasm is the second most common type of cancer in the
world and the most frequent among women. Chemotherapy currently used is often
limited mainly due to the toxicity and development of drug resistance. With this
problem, researchers have been showing great interest in the use of nucleosides,
since they have a wide biological application and a structure favorable to
modifications. The inhibitory effect of AZT and its derivatives (1la and 1b) was
determined by the MTT assay, flow cytometric analyzes were used to evaluate,
induce apoptosis and distribution in the cell cycle. Finally, the effect of combining
derivatives 1a and 1b with doxorubicin was also analyzed. The MTT assay showed
that AZT derivatives decreased the rate of cell proliferation at concentrations of 12.5
MM in 48 hours, while commercial AZT showed low antitumor potential. In the flow
cytometric analysis, it was observed that the AZT derivatives do not induce apoptosis
at the concentration tested and promote cell cycle arrest in the S phase. When the
derivatives were combined doxorubicin showed a significant increase of the inhibitory
effect in the carcinoma cells compared to individual treatments. Therefore, these
compounds are potential therapeutic agents for breast cancer.

Key words: AZT, tellurium, breast neoplasia, triple negative, antitumor.
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1 INTRODUCAO GERAL

Cancer € o nome dado a um conjunto de mais de 100 doencas que tém
em comum o crescimento desordenado de células as quais invadem tecidos e
orgdos (INCA, 2018). As diversas entidades coletivamente chamadas de
‘cancer” resultam do acumulo de mutacdes, instabilidades cromossdmicas e
alteracdes epigenéticas que promovem aumento da taxa de proliferacdo e
dano celular (SZRLIE, 2004).

O céncer de mama € causado pelo desenvolvimento de células malignas
no seio, estas se originam no revestimento das glandulas mamarias ou ductos
da mama (epitélio ductal) (American Cancer Society, 2017). Atualmente os
carcinomas de mama estdo agrupados em subtipos intrinsecos conforme seu
padrdo de expressao génica: Receptores de estrogénio negativo (RE -) (basal-
like, claudin-low, e HER2+), receptor de estrogénio positivo (RE +) (luminal A,
Luminal B) e normal-like (PEROU, 2010; PRAT et al., 2010; S@RLIE et al.,
2001).

Deste modo a neoplasia de mama € o segundo tipo de cancer mais
comum em todo o mundo com 2,09 milhdes de casos (Organizacdo Mundial de
Saude, 2018) e o mais frequente entre as mulheres (GINSBURG et al., 2017).
No Brasil € a principal causa de morte entre o sexo feminino, estima-se que
59.700 novos casos aparecam para cada ano no biénio 2018-2019 (INCA
2018).

A quimioterapia é amplamente utilizada aproximadamente 60% de todos
0S pacientes com cancer de mama passam por este tratamento
(CHAKRAVARTY et al., 2016). Dada a complexidade da doenca, a maioria dos
pacientes receberegimes de multiplas drogas e os efeitos adversos séo,
infelizmente, comuns (LIVSHITS; RAO; SMITH, 2014). As complicacdes
decorrentes da quimioterapia podem ser imediatas (logo apdés administracao)
ou tardias (manifestar-se durante um periodo prolongado de tempo, por vezes
causando consequéncias a longo prazo (CAMPAGNA, 2016).

O que se espera de uma terapia antitumoral € uma alta capacidade de
inibir a proliferacdo das células alteradas, um eficiente indice de remissdo do

tumor e uma baixa incidéncia de efeitos colaterais (SCHULTZE, 2013). Assim
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sendo, tem-se aumentado a busca por substancias com potencial
antiproliferativo e com uma maior seletividade celular.

Diversos estudos tém demonstrado o potencial antitumoral de analogos
nucleosidicos (SHELTON et al., 2016). Dentre os compostos desta classe, vale
destacar a zidovudina ou azidotimidina (AZT) um andlogo da timidina que tem
capacidade de inibir (por AZT-5-trifosfato) a DNA polimerase, bloqueando
deste modo o alongamento da cadeia nascente da fita de DNA devido a falta
de um grupo 3’-hidroxila (CELEWICZ et al.,, 2011) causando reducdo da
atividade das telomerases (WANG et al, 2017) e por consequéncia
senescéncia e morte de células tumorais (HYUN et al., 2005; MITSUYA;
BRODER, 1986). Além de possuir um grupamento azida o que lhe confere
diversidade estrutural, permitindo modificacdes especificas, como a introducéo
de compostos que potencializem o efeito antitumoral (DE SOUZA, 2012;
MUNCHE et al 2018).

Deste modo a insercdo de atomos na molécula base do AZT torna-se uma
alternativa ao desenvolvimento de derivados de AZT com potencial efeito
antitumoral. Neste contexto, 0s compostos sintéticos contendo organotellrio
tém sido descritos com potencial atividade antitumoral (MUNCHEN, 2018)

Devido a importancia farmacoldgica e a¢ao antineoplasica documentada
por essa classe de compostos, este estudo tem como objetivo avaliar a acao
antiproliferativa de derivados de AZT contendo teltrio em células da linhagem
tumoral de mama humana MDA-MB-231.

12



2 REVISAO BIBLIOGRAFICA

2.1. Cancer de mama

O cancer de mama é o segundo tipo de cancer mais comum em todo o
mundo e o mais frequente entre as mulheres tanto em paises desenvolvidos
quanto em desenvolvimento (GINSBURG et al., 2017). Segundo a organizacéo
mundial de saude, em 2018, o cancer de mama era 0 mais mortifero para as
mulheres, com 627.000 mortes. Representando cerca de um quarto dos novos
casos diagnosticados entre elas (OMS, 2018).

Vale ressaltar que na América Central e do Sul as maiores taxas de
incidéncia e mortalidade foram verificadas em paises como Argentina, Brasil e
Uruguai (DI SIBIO et al., 2016; MIGOWSKI et al., 2018). Neste sentido, no
Brasil a principal causa de morte entre as mulheres é o cancer de mama,
estima-se que 59.700 novos casos aparecam para cada ano no biénio 2018 -
2019 (INCA, 2018). Sem considerar os tumores de pele ndo melanoma, esse
tipo de cancer também € o primeiro mais frequente nas mulheres da regido sul
(73,07 / 100mil), sudeste (69,50 / 100mil), centro-oeste (51,96/100 mil) e
Nordeste (40,36 / 100 mil). Na regido Norte, é o segundo tumor mais incidente
(19,21 /100 mil) (INCA, 2018).

Segundo o Instituto Nacional do Cancer o carcinoma de mama € uma
doenca multifatorial causada pela multiplicacdo desordenada de células da
mama o qual gera células anormais que se multiplicam, formando um tumor.
Os mais conhecidos fatores de risco para o desenvolvimento desse tipo de
cancer sao: o envelhecimento, fatores relacionados a vida reprodutiva da
mulher, fatores hereditarios e alta densidade do tecido mamaério, razéo entre o
tecido glandular e o tecido adiposo da mama (American Cancer Society, 2017,
INCA, 2016).

Ainda assim, a idade continua sendo um dos mais importantes fatores de
risco sabe-se que as taxas de incidéncia aumentam rapidamente até os 50
anos (PAULA et al., 2010). Cerca de 12% dos canceres de mama invasivos
sdo diagnosticados em mulheres com até 45 anos, enquanto cerca de 60% em
mulheres acima de 55 anos (HIMES et al., 2016). Por outro lado, os tumores

mamarios em mulheres jovens, com menos de 40 anos, representam cerca de
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7% dos casos (ZIMMER et al., 2018) e estdo associados a maior proliferacédo
celular, pior prognéstico e maior mortalidade (MAGGARD et al., 2003).

A predisposicdo genética também é um importante fator de risco, cerca
de 5 a 10% dos casos de cancer de mama sao hereditarios (ROWLAND et al.,
2016). O risco individual aumenta proporcionalmente com o numero de
parentes proximos afetados pelo cancer de mama em idade precoce (COUTO;
HEMMINKI, 2007). Grande parte dos casos sao atribuidos a mutacfes
germinativas nos genes de alta penetracdo BRCA1 e BRCA2 (Yang et al.,
2011). Na presenca de mutacdes patogénicas no gene BRCAL1, o risco
cumulativo de cancer de mama foi estimado em 87% até a idade de 70 anos.
Em casos de mutacbes no gene BRCA2, o risco cumulativo de cancer de
mama aos 70 anos é 84% (FORD et al., 1994; 1998; YAMAUCHI; TAKEI,
2018).

As mulheres portadoras do gene BRCA mutado tém aproximadamente
80% de risco de vida de desenvolver cancer de mama e 50% de risco de seus
filhos herdarem a mutacdo genética (ROWLAND et al., 2016). Alguns outros
genes de susceptibilidade para o cancer de mama com alta penetragcado sao:
TP53, PTEN, STK11 e CDH1 (SAS, 2015).

Os fatores hormonais e reprodutivos também contribuem para aumento do
risco do cancer de mama, dentre eles longa histéria menstrual (menarca
precoce e/ou menopausa tardia), exposi¢ao prolongada a altas concentracdes
de estrégeno, nuliparidade ou ter o primeiro filho ap6s os 30 anos de idade (Li
et al., 2017; Samson et al., 2017). A influéncia da amamentacdo e uso de
contraceptivos hormonais ainda sédo controversos (RAFFO et al., 2017). Outros
fatores modificaveis relacionados ao estilo de vida foram identificados,
incluindo obesidade, consumo de alcool e inatividade fisica (Petridou, 2018). A
principal influéncia ambiental é a exposicao prévia as radiacdes ionizantes,
sendo diretamente proporcional a dosagem e inversamente proporcional a
idade da mulher na época da exposicao (SILVA; RIUL, 2011)

2.2 Subtipos moleculares do cancer de mama

14



O céncer de mama ndo é uma doenga Unica, e sim uma doenca
heterogénea, com multiplas formas histopatoldgicas, diferentes respostas a
terapéutica e evolucdes variaveis (BARROS; LEITE, 2015). A grande maioria
destes tumores é derivado das células da unidade ducto terminal do lobulo
mamario (SGRLIE, 2004) e sdo conhecidos como carcinoma ductal invasivo,
porém, como o cancer de mama é caracterizado por ser um grupo heterogéneo
de doenca, existem outros subtipos de carcinomas diagnosticados, como o
tubular, lobular, mucinoso, micropapilar, medular e o papilar (INCA, 2018). A
identificacdo de diferentes subtipos bioldgicos ocorre principalmente através do
uso de técnicas, como muno-histoquimica e perfil de expressdo génica
(NIELSEN et al., 2004) (Tabela 1).

As diretrizes atuais recomendam a determinacdo do receptor de
estrogénio (RE), do receptor de progesterona (RP) e do receptor do fator de
crescimento epidérmico humano 2 (HER2) em todos os pacientes com cancer
de mama invasivo (ELIZABETH et al.,, 2010; WOLFF et al., 2013). Além da
avaliacdo de biomarcadores padrdo que podem ser avaliados com imuno-
histoquimica (RE, RP e HER-2), a contribuicdo de outros fatores, como taxa
proliferativa e expresséo de citoqueratinas (GERDES et al., 1983).

O progresso da biotecnologia permitiu sua classificacdo molecular por
perfis de expressao génica (BARROS; LEITE, 2015). Perou (2010) classificou
0s canceres de mama em cinco subtipos intrinsecos conforme seu padrdo de
expresséo génica: luminal A e luminal B (RP positivo), superexpressor de HER-
2, basal-like ou triplo-negativo (RE, RP e HER-2 negativo) e normal-like
(PEROU, 2010).

Em 2007 Herschkowitz e colaboradores caracterizaram outro subtipo
denominado Claudin-low (HERSCHKOWITZ et al., 2007). Esse subgrupo
tumoral apresenta similaridades e diferencas tanto em expressao de genes
como em ritmo de crescimento, vias de sinalizagdo, composi¢cao celular,
prognéstico e sensibilidade a terapéutica (BARROS; LEITE, 2015;
CHAVEZ-MACGREGOR et al., 2017).
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Tabela 1: Classificagdo dos receptores moleculares e correlagdo com

marcadores imuno-histoquimicos.

Subtipo RE RP HER-2
molecular

Luminal A Positivo e/ou Positivo Negativo

Luminal B Positivo e/ou  Positivo ou ou Negativo
negativo *

Luminal B Positivo e/ou  Positivo ou Positivo
negativo **

Her-2 Negativo Negativo Positivo

Tiplo-negativo Negativo Negativo Negativo

ou basal-like

*RP < 20% + ki67 >14% ** qualquer valor RP + qualquer valor de Ki 67

Abreviacdes: RE: Receptor de estrogénio; HER-2: Receptor do fator 2 de crescimento
epidérmico humano; RP: Receptor de Progesterona (SIMONA MARIA FRAGOMENI, ANDREW

SCIALLIS, 2018).
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Os subtipos luminais tém denominacéo advinda da similaridade que as células
neoplasicas desses grupos possuem com as ceélulas mamarias normais, que
ficam em contato direto com o limen dos ductos mamarios, as chamadas
células luminais (CIRQUEIRA et al., 2015). O subtipo Luminal A, cujo fendétipo é
RE positivo e HER2 negativo, foi caracterizado pela elevada expressao de
genes representados pelas células epiteliais luminais, como, por exemplo, as
citoqueratinas 7, 8, 18 e 19 (SORLIE et al., 2001) e baixa proliferacao de Ki-67
(< 14%). E o mais comum 40% e o que tem melhor prognostico, pois responde
bem a hormonioterapia (RAFFO et al., 2017; Barros, 2016).

Por outro lado, o subtipo Luminal B, tem a mesma origem e exibe RE em
alta porcentagem, os RP costumam ter baixa frequéncia e o Ki-67 € elevado
(>14%). O HER2 pode estar expresso (Barros, 2016). Os tumores luminal B
sdo caracterizados por baixa ou moderada expressdo de genes expressos
pelas células epiteliais luminais, como, por exemplo, as citoqueratinas 7, 8, 18
e 19. Este fendtipo estd associado a pior progndstico, sendo particularmente
relacionado a recidiva tumoral (S@RLIE, 2004; SORLIE et al., 2003; SORLIE et
al., 2001)

Os tumores superexpressores de HER-2 sdo em geral RE e RP negativos
(Barros, 2016). Estes sdo caracterizados pela superexpressdao de uma das
moléculas da familia dos receptores de fator de crescimento epidérmico, o
HER-2 e, concomitantemente, a superexpressao de sua proteina, € atualmente
implicada como um importante biomarcador de prognéstico no carcinoma de
mama (SORLIE et al., 2006; TANNER et al.,, 2000). Responde bem ao
tratamento com trastuzumab (LI et al., 2019).

O subtipo Normal-like ou mama-normal simile é o tumor com genes
comuns ao epitélio normal (Barros, 2016) as células adiposas e a outras
células do estroma (PEROU et al., 2000). Ainda ndo esta clara sua distin¢do
nem seu valor clinico (SZRLIE, 2004).

Por outro lado, o subtipo basal-like ou basaldide sdo, em grande maioria,
triplo negativo em imuno-histoquimica (RE, RP e HER2). Eles apresentam
algumas caracteristicas de células mioepiteliais (CK5 e CK6) (BARROS, 2016).
E um dos mais intrigantes subtipos tumorais, pois tem associagdo com pior
prognéstico (TANNER et al., 2000; TURNER; REIS-FILHO, 2006). O subtipo

Claudin-low (CL) séo triplos negativos, com baixa expressao de claudinas que
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sdo proteinas de adesdo. Sao ricos em marcadores de células-tronco e de

transicao epitélio-mesénquimal possuem agressividade elevada (Barros, 2016).

2.3 Subtipo Claudin-low (CL)

Reconhecido em 2007, o subtipo molecular Claudin-low s&o tumores
invasivos tipicamente triplo-negativos (RE negativo, RP negativo e HER-2
nulo), e caracterizado por uma baixa expressdo de genes envolvidos com
juncdes celulares ocludentes e glicoproteinas de adesdo célula-célula,
incluindo as claudinas 3, 4 e 7, as ocludinas e a E-caderina (GERHARD et al.,
2012; HERSCHKOWITZ et al., 2007). S&o tumores que expressam
caracteristicas de células-tronco mamarias e células transicionais epitelial-
mesénquimal (EMT) (HENNESSY et al., 2009; HERSCHKOWITZ et al., 2007).
Desta forma exibem o fenétipo menos diferenciado ao longo da hierarquia de
diferenciacéo epitelial mamaria (PRAT et al., 2010). Estas células representam
cerca de 19% de todo os casos de cancer de mama e incluem aqueles com
pior prognostico devido a sua natureza agressiva e metastatica e altas taxas de
recaida (DENT et al., 2007).

As alteracdes nos fendtipos celulares definidas como transicdo epitelial
para mesénquimal (EMT) mostraram desempenhar um papel no processo
tumorigénico (BRABLETZ et al., 2018). Neste sentido, células epiteliais
aderentes perdem suas caracteristicas epiteliais e adquirem, em seu lugar,
propriedades mesenquimais, incluindo perda das juncbes de aderéncia
alteracdes de expressao génica, aumento do potencial de motilidade e, no caso
de células cancerigenas, aumento da invasao, metastase e resisténcia a
quimioterapia (GUPTA et al.,, 2009; KALLURI; WEINBERG, 2009; NIETO,
2013).

Outra caracteristica dos tumores CL € a baixa expressédo de moléculas de
adesao celular, como por exemplo E-caderinas. Acredita-se que a perda da
adesao célula-célula e juncdes celulares mediadas pela ligagdo homofilica da
E-caderina permite que as células se dissociem do tumor primario, invadam os
tecidos circundantes e migrem para locais distantes. (YANG; WEINBERG,

2008). A perda da expressao da E-caderina em associacdo com a transic&o
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epitelial-mesenquimal (EMT) ocorre frequentemente durante a metastase do
tumor. No entanto, as metastases retém frequentemente a expressdo de E-
caderina , ndo é necessario um EMT para metastase e as metastases podem
surgir a partir de aglomerados de células tumorais (PETROVA;
SCHECTERSON; GUMBINER, 2016).

O subtipo CL também é descrito com baixa expressao de claudinas,
proteinas que formam barreiras e poros paracelulares determinando a
permeabilidade das juncbes estreitas (BARDET et al., 2017). As juncdes
estreitas estdo envolvidas na manutencédo da polaridade celular, regulacao da
proliferacéo, diferenciacédo e outras funcdes celulares, devido a sua capacidade
de selecionar proteinas sinalizadoras. Durante a aquisicdo do fenotipo
neoplasico pelas células epiteliais ocorre a interrupcdo da adesao intracelular
que sdo mantidas pelas jungées aderentes e pelas juncdes estreitas (RUFFER;
GERKE, 2004).

Acredita-se que a perda da integridade epitelial seja devido a alteracdes
nos niveis de claudinas e no consequente rompimento de comunicacao
paracelular, contribuindo para o aparecimento de espacos que propiciam a
mobilidade celular e no aumento de suprimento nutricional para as células
neoplasicas. Assim, o grau elevado de organizacéo, tipicamente encontrado
em tecido normal diferenciado, é muitas vezes perdido durante a evolucao para
tecido neoplasico (OUBAN; AHMED, 2010).

E consenso, que o subtipo CL é o tipo de carcinoma agressivo que
confere prognoéstico ruim e é encontrado em grande parte dentro do quadro
clinico triplo negativo (TAYLOR et al., 2017). Apesar dos avancgos terapéuticos
e moleculares dos ultimos anos, ndo ha um alvo validado a ser bloqueado no
subconjunto triplo negativo e a quimioterapia € a Unica terapia sistémica
disponivel (FOGACA et al., 2017).

2.4 Diagnéstico e tratamento para o Cancer de mama

A triagem por mamografia € amplamente reconhecida como o método
mais eficaz na detec¢do precoce do cancer de mama (BROEDERS et al.,
2012). Além dos exames de imagem, a biopsia desempenha um papel

fundamental no estabelecimento de um diagndstico e na informacdo de
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decisfes cirurgicas sobre o manejo do tumor primario, estadiamento axilar e a
sequéncia da terapia (MOO et al., 2018).

No que confere ao tratamento do cancer de mama leva-se em conta as
caracteristicas dos tumores, como comprometimento dos linfonodos axilares,
namero de linfonodos comprometidos, tipo e grau histolégico, tamanho do
tumor priméario, invasdo vascular, expressdo de receptores hormonais,
expressao ou amplificacao de receptores HERZ2, e a idade da paciente (SBOC,
2011).

Para o tratamento do cancer de mama localmente avancado € necessario
abordagem multidisciplinar e, na maioria das vezes, envolve a administracao
de quimioterapia, cirurgia e radioterapia (GIORDANO, 2003). Para um
tratamento mais agressivo inclui-se o uso de drogas quimioterapicas, cujo
beneficio consiste na reducdo da progressao tumoral e cerca de 60% de todos
0S pacientes com cancer de mama passam por quimioterapia (CHAKRAVARTY
et al., 2016).

Os subtipos Luminal A e B, caracterizados pela presenca de RE, séo
comumente tratados com terapia hormonal com bons resultados (HOLLIDAY;
SPEIRS, 2011; PARK; BERTOS, 2011). Enquanto que o anticorpo monoclonal
trastuzumab é uma terapia bem sucedida e racionalmente concebida que
proporciona beneficios clinicos significativos pacientes com cancer de mama
HER-2 positivo (LI et al., 2019). Todavia para os subtipos basal-like e claudin-
low, faltam opc¢les terapéuticas especificas, devido a auséncia de expressao
de um alvo terapéutico reconhecivel (HOLLIDAY; SPEIRS, 2011; PARK;
BERTOS, 2011).

Sem opcoes terapéuticas direcionadas  disponiveis, o0 padrdao de
atendimento para tumores de mama triplo-negativos continua sendo
a quimioterapia para doencas precoces e avancadas (JHAN; ANDRECHEK,
2017). A Doxorrubicina (doxo) e a epirrubicina sdo os antraciclicos mais
comumente usados no tratamento do cancer de mama. Em particular, com
a doxo, sendo o principal medicamento do grupo (TOKARSKA-SCHLATTNER
et al., 2006). Embora muitas mulheres se beneficiem dessa terapia, elas sé&o
expostas a toxicidade tardia das antraciclinas, incluindo cardiotoxicidade e
leucemia (KY et al., 2014; NEWELL; BRUN; FIELD, 2019).
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Outras opc¢des ao tratamento dos tumores triplo- negativos foi aprovado
pela FDA em 2010, o inibidor de microtubulos ndo taxano eribulina, o ensaio
"EMBRACE" relatou uma melhora mediana na sobrevida global no triplo-
negativos metastatico de 4 a 7 meses (CORTES et al.,, 2011). A adicdo de
agentes de platina a quimioterapia neoadjuvante também demonstrou
aumentar taxas de resposta patoldgica completa em pacientes com esses
subtipos (CORTES et al., 2011; TELLI et al., 2016).

O crescente entendimento da heterogeneidade bioldgica do tumor de
mama triplo-negativo forneceu informacdes sobre a identificacdo de terapias
sisttmicas potencialmente eficazes, incluindo agentes citotoxicos e
direcionados. IniUmeras abordagens experimentais estdo em andamento, e
varias classes de medicamentos encorajadores, como inibidores de ponto de
verificacdo imunologico, inibidores da polimerase poli (ADP-ribose), agentes de
platina, inibidores da via fosfatidilinositol-3-quinase e inibidores do receptor de
androgénio, estado sendo investigados para estes subtipos (Lee, 2017)

E interessante notar que os tumores do tipo triplo-negativo geralmente

apresentam melhores respostas a quimioterapia em comparacdo com outros
subtipos (CAREY et al.,, 2007; JHAN; ANDRECHEK, 2017). No entanto, esta
abordagem é limitada pela méa resposta, toxicidade e eventual resisténcia a
poliquimioterapia (CORTES et al., 2011).
Assim, os tratamentos eficazes para tumores de mama triplo-negativos ainda
permanecem desconhecidos e novas modalidades terapéuticas capazes de
contornar os problemas devem ser estudadas. Uma classe de composto que
tem chamado atencdo dos pesquisadores sdo 0s nucleosideos, nucleotideos e
analogos de bases, estes, estdo na clinica ha décadas para tratar patbgenos
virais e neoplasias, cerca de 20% dos pacientes em quimioterapia
antineoplésica foram tratados com um ou mais desses analogos (SHELTON et
al., 2016).

2.5 Analogos Nucleosideos

O termo “nucleosideo” foi usado pela primeira vez por Levene e Jacobs
em 1909 (LEVENE & JACOBS, 1909). Estes consistem de uma nucleobase
(derivada de purina ou pirimidina), ligada a uma porcdo de aclcar, ao serem

fosforilados no interior da célula por quinases especificas, produzem um
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nucleotideo (DE SOUZA, 2012). Os analogos de nucleotideos também
possuem um grupo fosfato (P) ligado a por¢céo de agucar (figura 1) (Jordheim,
2013). Os nucleosideos sdo heterociclos essenciais para a construgdo dos
blocos moleculares da vida, como DNA e RNA (CHU, 2002). Estes, além de
estarem envolvidos na sintese de DNA atuam na sinalizacéo celular, regulacéo
de enzimas e no metabolismo (JORDHEIM et al., 2013).

Analogos nucleosideos citotoxicos sédo antimetabolitos que interferem
com a sintese de acidos nucleicos. Funcionam inibindo a sintese de DNA,
porque apresentam uma estrutura espacial que simula a estrutura dos
nucleosideos fisiolégicos. Como 0s compostos naturais, 0s analogos
nucleosideos sédo fosforilados na célula, havendo incapacidade da transcriptase
reversa em distinguir qual o nucleosideo natural e o artificial incorporado, o
falso nucleosidio impede a continuidade da formacdo da cadeia de DNA
(Lopes, 2006). A incorporacdo de nucleosideo ou nucleotideo anélogos no
DNA podem induzir a terminacdo de alongamento de cadeia, o acumulo de
mutacBes em progénie viral ou a inducdo de apoptose (GALMARINI; MACKEY;
DUMONTET, 2002; JORDHEIM et al., 2013).

Ambos o0s nucleosideos e nucleotideos desempenham papéis
importantes na replicacdo e transcricdo da informag¢do genética, e, como tal,
tém sido utilizados h& décadas para quimioterapia antiparasitas,
antibacterianas ou terapias antivirais (DE CLERCQ, 2004; DE CLERCQ; LI,
2016). No decorrer dos anos, numerosas modificacbes no esqueleto dos
nucleotideos foram feitas, incluindo alterac6es no grupo acucar, nucleobase,
ligacdo glicosidica e fosfato (SELEY-RADTKE; YATES, 2018a) (Figura 1).
Essas modificacbes vdo desde a adicdo de um substituinte ou a base
heterociclica ou acucar, substituindo um atomo em qualquer uma das partes,
movendo um atomo para um posicao diferente, ou uma combinacdo dessas
abordagens (SELEY-RADTKE & YATES, 2018).
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Figura 1: ModificagBes gerais estruturais e quimicas de nucleotideos e nucleosideos. As
diversidades quimicas destes compostos baseiam-se em modificagbes, tais como
halogenacdo, azotacéo, protecdo por grupos polares e outras modificagbes mostradas nesta
figura. N, azoto; O oxigénio. Modificado de (JORDHEIM et al., 2013)

Os analogos de nuclesideos partilham caracteristicas comuns incluindo
o transporte mediado por transportadores de membrana, ativagdo por etapas
metabdlicas intracelulares que retém o residuos de nucleétideos na célula e a
formacéo do derivados de fosfato ativos (GALMARINI; MACKEY; DUMONTET,
2002). Os analogos de nucledsidos citotoxicos estdo entre 0s primeiros
agentes quimioterapicos introduzidos para o tratamento médico do Cancer (J.
et al., 2004).
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incorporagdo no DNA e RNA

.

- NA —— ._p 2 inibigdo enzimatica

inibicdo na sintese do DNA

NA = analogo nucleosideo

Figura 2: Caracteristicas comuns no metabolismo e na interacdo farmaco -sitio ativo de
analogos nucleosidos. A maioria desses agentes sdo moléculas hidrofilicas e, portanto, exigem
transportador especializados de proteinas para entrar nas células. Uma vez |a dentro, eles séo
ativados por intracelulares passos metabdlicos para derivados de trifosfato. Derivados ativos de
analogos de nucleésidos podem exercer atividade citotdxica ao serem incorporados e alterando
as macromoléculas de DNA e RNA ou interferindo com vérias enzimas envolvidas na sintese
de acidos nucléicos, como o DNA polimerases e ribonucleido redutase. Essas a¢fes resultam
inibicdo da sintese de DNA e morte celular apoptotica (GALMARINI; MACKEY; DUMONTET,
2002).

Neste sentido a Citarabina ou Ara-C, um analogo da pirimidina, foi
aprovado para uso clinico em 1969 pela FDA. O Ara-C é considerado um
medicamento essencial pela Organizacdo Mundial da Saude (WHO, 2017)
devido a sua potente atividade contra muito Canceres incluindo, Linfoma néo-
Hodgkin, leucemia mieloide, leucemia linfoide aguda e leucemia mieloide
cronica (REESE; SCHILLER, 2013; SELEY-RADTKE; YATES, 2018a).

A gemcitabina € um analogo da desoxitidina (2’,2’-difluoro-2’-
desoxicitidina — dFdC), onde os atomos de hidrogénio na posi¢ao 2’ do carbono
da desoxicitidina sdo substituidos por atomos de flior (BOOKMAN, 2005).
Atualmente este farmaco é utilizado para o tratamento de varios tumores
sélidos como agente Unico ou em combinacdo com outros medicamentos
quimioterapicos (BASTIANCICH; BASTIAT; LAGARCE, 2018). O mecanismo
de acdo da gemcitabina acontece através da sua incorporacdo no DNA e
bloqueio da replicacéo, resultando em morte celular por apoptose (TOSCHI et
al., 2005).

Um dos nucleosideos mais conhecidos na medicina, é a Azidotimidina
(figura 3). O 3 "-Azido-3 '-desoxitimidina (AZT) € um analogo de nucleosideo
usado no tratamento de sindrome da imunodeficiéncia adquirida (AIDS) devido
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a atividade anti-retroviral, no entanto, foi inicialmente desenvolvido como
agente antineoplasico (HORWITZ; CHUA; NOEL, 1964).

O potencial antineoplasico do AZT tem sido mostrado para varias linhas
de células tumorais, incluindo aquelas derivadas de célon (FANG et al., 2017),
mama (ARMANDO; GOMEZ; GOMEZ, 2016; WAGNER et al., 2018), bexiga
(DA ROSA et al.,, 2017; MUNCHEN et al., 2018) e es6fago (WANG et al.,
2017).

Figura 3: Formula estrutural do nucleosideo azidotimidina. [Adaptado de Celewicz et al (2011)].

2.6 Atividade antitumoral do AZT

A azidotimidina ou zidovudina (AZT) € um analogo de timidina que é
convertido intracelularmente ao trifosfato de AZT (AZTTP) pela acdo sequencial
da timidina quinase de mamiferos (TK), timidilato quinase e nucleosideo
difosfato quinase, e é finalmente incorporada no DNA, onde bloqueia o
alongamento da cadeia (FURMAN et al.,, 1986). Tem capacidade de inibicdo
(por AZT-5'-trifosfato) de enzimas intracelulares, tais como a polimerase,
bloqueando deste modo o elongamento da cadeia, causando senescéncia e
morte de células tumorais (HYUN et al., 2005; MITSUYA; BRODER, 1986). Os
trifosfatos contribuem para a citotoxicidade por competir com os nucleotideos
naturais na incorporacéo ao DNA por DNA polimerases (HUANG et al., 1991).

O AZT, foi originalmente desenvolvida em 1964 por Jerome Horwitz, um
quimico que estava a procura de um produto que pudesse interferir com a
divisdo celular, a base para o crescimento de tumores. Porém este se
demonstrou-se pouco eficiente. Sendo em 1985, identificado como o primeiro
composto com atividade antirretroviral, aprovado em marco de 1987 para
comercializacdo pela FDA para o tratamento de infec¢cdes de HIV (Mitsuya &
BRODER, 1986; WU & ZHAO, 2007).
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O primeiro relato da atividade inibitoria do AZT sozinho foi feito em 1997
em linhagem tumoral de mama (MCF-7) (WAGNER et al., 1997).
Posteriormente, Hyunet e colaboradores (HYUN et al., 2005) observaram que
houve inibicdo do crescimento celular, reducdo do comprimento dos teldmeros
e senescéncia celular, todos estes fatores ocorreram devido a inibicdo da
telomerase sob efeito do AZT. Essas caracteristicas também foram relatadas
em células tumorais de ovario humano, linhagem HO-8910 (LI et al., 2006),
células tumorais de colon (HCT116) (FANG et al.,, 2017) e esbdfago (TE-11)
(WANG et al., 2017).

Todavia, a molécula de AZT sozinha tem eficacia limitada, existem
desvantagens da terapia com AZT, como a toxicidade medular, miopatia,
captacdo de baixa barreira hematoencefalica e meia-vida curta no plasma
(Salomén et al.,, 2002; Wu et al., 2007). Além da zidovudina desenvolver
mecanismos de resisténcia que podem ser originados pelas préprias células
tumorais (CAETANO-PINTO, 2017; JORDHEIM et al., 2013), recentemente
identificou-se que a superexpressdo do miR-3662 sob o controle do fator
regulador do interferon (4 IRF4) e do proto oncogene c-Rel cooperam no
crescimento de da leucemia/linfoma de células T do adulto (ATLL) e resisténcia
a Zidovudina (YASUI et al., 2018).

Desta forma, os esforcos foram direcionados para o desenvolvimento e
caracterizacdo de novos derivados de AZT, o que leva a incorporacdo de
estruturas como os organocalgénios (CELEWICZ et al.,, 2011). Compostos
derivados de zidovudina contendo organocalcogénios demonstraram
citotoxididade em células de carcinoma de bexiga (MUNCHEN et al., 2018),
mama ( WAGNER et al., 2018) e pulmé&o (TABARELLI et al., 2017).

2.7 Compostos organicos de Teldrio

O elemento Teldrio (Te) faz parte do grupo 16 da tabela periddica também
chamada familia dos calcogénios, pertencente ao mesmo grupo do oxigénio,
enxofre (S), selénio (Se) e poldnio (Po) e tem propriedades quimicas e fisicas
caracteristicas  (FISCHER, 2001; OGRA, 2017). Os compostos
organocalcogénios sdo importantes intermediarios e reagentes muito utilizados
em sintese organica (TABARELLI et al., 2017)
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Antigamente, o telurio era aplicado para o tratamento de infeccdes
microbianas antes da descoberta dos antibidticos. Ha relatos de seu uso no
tratamento da sifilis e da lepra (De Meio e Henriques, 1947). Atualmente
compostos de teldrio possuem varias propriedades biolégicas reconhecidas,
como antimicrobiana, anti-helmintica, antiprotozoaria,  antioxidante,
imunomodulatéria e antitumoral (EL et al., 2015; NOBRE et al., 2014; CUNHA,
2009; SREDNI, 2012) Nestes, o potencial antioxidante €, certamente, a
propriedade farmacologica mais bem estudada (KUMAR et al., 2007; SARMA
et al., 2010).

Evidéncias sugerem que grande parte da atividade biolégica dos
compostos possuem teldrio em sua estrutura esta diretamente relacionada as
suas interacdes quimicas especificas com tidis enddgenos, ou seja, esses
compostos tém a capacidade de oxidar os grupamentos -SH, podendo inativar
enzimas e/ou diminuindo a concentragdo de moléculas sulfidrilicas (REN et al.,
2001; HASSAN et. al., 2009). Embora, o telario, em baixas concentracdes,
induza toxicidade aguda e cronica em uma variedade de organismos, varios
estudos demonstraram que quantidades vestigiais de telUrio estdo presentes
em fluidos corporais, como sangue e urina (GOULLE et al., 2005), existem
relatos na literatura atribuindo baixa toxicidade a diferentes compostos
organicos de teltrio (COMPARSI et al., 2014).
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3 HIPOTESE E OBJETIVOS

3.1 Hipotese

Os derivados 3-triazol-5-fenil-telurimidina possuem atividade antitumoral

em linhagem celular de carcinoma de mama do tipo triplo-negativo.

3.2 Objetivo Geral

Avaliar a atividade antitumoral in vitro de derivados de zidovudina em

linhagens celulares de carcinoma de mama.

3.3 Objetivos Especificos

o Avaliar o efeito antiproliferativo dos compostos derivados de Zidovudina
em células de cancer de mama da linhagem MDA-MB-231,

« Verificar a atividade de induc&o do apoptose de derivados de zidovudina
em linhagem de carcinoma de mama,;

e Observar o potencial de parada de ciclo celular das células de
carcinoma de mama apos tratamento com derivados de zidovudina.

e Avaliar o efeito da combinagé&o de derivados de zidovudina com

doxorrubicina em linhagem celular de carcinoma de mama.
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4 CAPITULO

4.1 Manuscrito - Evaluation of the effect of compounds of the class of 3-
triazol-5-phenyl-telthothymidine in breast cancer cells

Manuscrito formatado conforme a revista Biotechnology Research and
Innovation.
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Abstract: The Claudin-low subtype is "triple negative" breast tumors. They
represent about 19% of all cases of breast cancer and include those with poor
prognosis because of their aggressive and metastatic nature and high rates of
relapse, for which a validated therapeutic target has not yet been found. In the
search for substances with antitumor potential, 3-azido-3-deoxythymidine (AZT)
is a nucleoside reverse transcriptase inhibitor with antitumor activity that has
been revitalized through the insertion of molecules that potentiate its effect. The
objective of this study was to investigate the effect and underlying mechanisms
of cell death of AZT and its derivatives on human breast cancer cell. The
inhibitory effect of AZT and its derivatives (1a and 1b) was determined by the
MTT assay (6.25,12.5,25, 50 and 100 uM and times of 24 and 48 h) inducing
apoptosis and the cell cycle was investigated by flow cytometry. The MTT assay
showed that AZT derivatives decreased the rate of cell proliferation at
concentrations of 12.5 uM, while commercial AZT showed low antitumor
potential. In flow cytometric analysis, we demonstrate that the AZT derivatives
do not induce apoptosis at the concentration tested and promote the cell cycle
arrest in the S phase. These compounds containing tellurium in their formulation

are potential therapeutic agents for breast cancer.
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Introduction

Breast cancer is the second most common cancer in the world and the
most frequent among women in both developed and developing countries
(GINSBURG et al., 2017). In this sense, the Brazil the main cause of death
among women, is breast cancer, it is estimated that 59,700 new cases appear
for each year in the biennium 2018-2019 (INCA, 2018).

In this sense, breast neoplasm is not only a single disease, but
heterogeneous, with multiple histopathological forms, different responses to
therapy and variable evolutions (BARROS; LEITE, 2015). However, with the
progress of biotechnology, the molecular classification of breast cancers
through gene expression profiles was allowed (PRAT et al., 2010).

The Claudin-low (CL) subtypes are "triple negative" (RE-RP- and HER2-)
and characterized by a low expression of genes involved with cell-cell adhesion
glycoproteins, including clavinin 3, 4 and 7; the occludins and E-cadherin
(HERSCHKOWITZ et al., 2007). They represent about 19% of all cases of
breast cancer and include those with poor prognosis because of their
aggressive and metastatic nature and high rates of relapse (DENT et al., 2007).
Chemotherapy is widely used for breast cancer (CHAKRAVARTY et al., 2016).
Given the complexity of the disease, most patients receive multiple drug
regimens and the adverse effects are unfortunately common (LIVSHITS; RAO;
SMITH, 2014). What is expected of antitumor therapy is a high ability to inhibit
altered cell proliferation, an efficient rate of tumor remission, and a low
incidence of side effects (SCHULTZE, 2013). Therefore, the search for
substances with antiproliferative potential and with greater cell selectivity has
been increased.

Several studies have demonstrated the antitumor potential of nucleoside
analogs (SHELTON et al.,, 2016). Among the compounds of this class,
zidovudine or azidothymidine (AZT) is a thymidine analogue that has the ability
to inhibit DNA polymerase (AZT-5'-triphosphate), thereby blocking the

elongation of the nascent strand of the DNA strand due and the absence of a 3'-
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hydroxyl group (CELEWICZ et al., 2011) causing a reduction in telomerase
activity (WANG et al., 2017) and consequently senescence and death of tumor
cells (HYUN et al., 2005; MITSUYA; BRODER, 1986). In addition to possessing
a group azide, which gives it structural diversity, allowing specific modifications,
such as the introduction of compounds that potentiate the antitumor effect (DE
SOUZA, 2012).

Thus, insertion of atoms into the base molecule of AZT becomes an
alternative to the development of AZT derivatives with potential antitumor effect.
In this context, synthetic organotin-containing compounds have been described
as promising antioxidant agents (BANDEIRA et al., 2018). There are reports in
the literature attributing important antioxidant properties and low toxicity to
different organic compounds of tellurium (COMPARSI, 2014). In addition to
antimicrobial, anti-helminthic, antiprotozoal, anti-oxidant, immunomodulatory
and antitumor activity (EL et al., 2015; CUNHA, 2009; SREDNI, 2012;
WEINSTEIN et al., 2014).

Due to the pharmacological importance and antineoplastic action
documented by this class of compounds, this study aims to evaluate the
antiproliferative action of AZT derivatives containing tellurium in cells of the
human breast tumor line MDA-MB-231.

Material and Methods

Chemical Synthesis of Compounds

The compounds were synthesized by LabSelen NanoBio Laboratory in the
Chemistry Department of the Federal University of Santa Maria — RS and have

already had their anticancer potential demonstrated in human bladder cancer

strains in the work of Munchen et al. (2018)
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Figure 1: Chemical structure of the AZT molecule 3-triazoil-5-phenyl-tellurothymidine (A) and
its derivatives. The molecule 7m (B) contains the aryl group and tellurium atom; while the 7r (C)
molecule in addition to the aryl and tellurium atoms also has two more carbons at the 3 'position
of the triazole ring.

The stock solutions of the compounds were prepared in
dimethylsulfoxide (DMSO) at a concentration of 40.000 uM (standard AZT) and
20.000 uM of the 1a and 1b compounds from which the use solutions prepared
in culture medium were made. The concentrations tested ranged from 6.25 uyM
to 100 uM. The control group, in all experiments, were the cells incubated only
in medium and for the vehicle control group, the cells were incubated in medium
with 0.2% DMSO. This concentration had no effect on cell growth and survival.
The results obtained are derived from three independent experiments

performed in triplicate.

Cell Culture

The human breast cancer cell line MDA-MB-231 was obtained from
Banco do Rio de Janeiro (PABCAM, Federal University of Rio de Janeiro,
Brazil). MDA-MB-231 cells were cultured in Leibovitz L-15 medium
supplemented with 10% fetal bovine serum (FBS) and 0.2 mg/ml sodium
bicarbonate and cultured at 37° C in a 95% atmosphere of humidified air without
CO..

Determination of cytotoxicity of synthetic AZTs against MDA-MB-231
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The cell viability of MDA-MB-231 after treatment with the compounds
was determined by spectrophotometric quantification of the reduction of MTT
(3- [4,5-dimethyl-thiazol-2-yl] -2,5-diphenyltetrazolium bromide) to crystals of
formazan. Cells were seeded at a density of 2x10* cells per well in 96-well
culture dishes treated with different concentrations of 6.25, 12.5, 25, 50 and 100
MM the AZT derivatives. After the test period, the medium was replaced with
MTT solution of 0.5 mg/ml in medium and the plate was kept in an oven for 3
hours at 37° C. After the medium was aspirated and the formazan crystals were
diluted with 100 pL of DMSO/well. Subsequently, the absorbance at 492 nm
was measured using a spectrophotometer (Thermo Plate TP-Reader). The
percentage of proliferation (%) was calculated by the formula: [1- (Mean
Absorbance of Treated Cells / Control Mean Absorbance)] x 100. Values that

inhibit 50% growth (ICsp) were determined from the data from this experiment.
Evaluation of Apoptosis Induction by Flow Cytometry

Cell death by apoptosis was assessed by flow cytometry using the
Annexin V-7AAD apoptosis detection kit (Guava Technologies, Millipore
Corporation) according to the manufacturer's instructions. MDA-MB-231 cells
were grown in 12-well plates at a density of 1x10° cells/well and incubated for
48 h. Cells were then exposed to 12.5 uyM of zidovudine derivatives for 48 h
best concentration and time observed in the MTT assay. A range of 2x10* to
1x10° treated cells (100 pl) was added of Guava Nexin® reagent. Cells were
incubated in the dark at room temperature for 20 minutes and samples were
read on the flow cytometer (MuseTM Cell Analyzer, Merck Millipore
Corporation). This kit uses a dual staining protocol in which live healthy cells are
Annexin V and 7-AAD negative; whereas cells in early apoptosis are Anexin V
positive and 7-AAD negative and cells in late apoptosis/death are positive for
both Anexin V and 7-AAD.

Cell cycle analysis

Cells (2x10° cells per well) were cultured in triplicate in 12-well plates for
24 hours and synchronized by growth without serum for another 24 hours.
These were treated with a concentration of 12.5 uM for 48 h. After the treatment

the cells were harvested, fixed with 70% ethanol and stained according to the
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manufacturer. Analysis is performed on the flow cytometer (Guava easyCyte ™
Plus, EMD Millipore Corporation, Billerica, USA).

Combined studies of AZT 7m and 7r derivatives with doxorubicin

In determining whether AZT l1la and 1b derivatives with doxorubicin could
cooperatively induce cell death, MDA-MB-231 cells were treated with 0.5, 1 and
2 UM doxorubicin and la or 1b at 6.25, 12.5 and 25 yM for 48 h. Cell viability

was measured by the MTT assay as described above.
In silico assessment of pharmacokinetics

The ADMET predictor software from Simulations Plus was utilized to predict
absorption, distribution, metabolism, excretion, and toxicity properties of
compounds AZT and the tested derivates la and 1b, using artificial neural
network ensemble (ANNE) models trained with well-defined drugs, and was
chosen for its high prediction accuracy, and descriptor sensitivity analysis
capabilities. The in vivo drug absorption, permeability, distribution and
toxicology were thus simulated based on physicochemical properties and PK
parameters. We also predicted the metabolism and excretion of compounds
trough the affinity with all the cytochromes oxidases (Phase 1) and the isoforms
of UDP-glucuronosyltransferases, (Phase Il) responsible for glucuronidation of
compounds. Additionally, we performed a pharmacokinetics simulation in
humans at the dosage 10 mg/kg, to predict oral absorption, bioavailability, oral

plasma concentration—time, and distribution profile.
Statistical analysis

The results were expressed as mean * standard error of the mean
(SEM). The ICs value was determined using GraphPad Prism 7.0 software. All
assays were performed at least three times. To compare the statistical
differences between multiple groups in the MTT test, two-way ANOVA followed
by the Bonferroni test was used and for the other tests two-way ANOVA was
used followed by the Tukey test. A value of p < 0.05 was considered statistically

significant.
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Results

Effect of zidovudine-derived compounds la and 1b on cell viability

through the MTT assay

The effect of zidovudine derivatives 1a and 1b on MDA-MB-231 cells
was determined by observing cell viability at 24 and 48h after exposure of the
cells at doses of 6.25 to 100 uM of these compounds. Both compounds
inhibited 50% cell growth from the 25 yM concentration in the 24-hour time
while in the 48-hour time the inhibition occurred from the 12.5 yM concentration.
Demonstrating that the higher the concentration and longer exposure time of
the cells to the compounds the greater the inhibition of cell growth.

Compound la at concentrations of 12.5 and 25 uyM showed a statistically
significant difference between the concentrations, whereas at concentrations of
50 and 100 puM there was no difference. In the same way that its analog 1b
presented significant difference between the times of 24h and 48h in the
concentrations of 6.25, 12.5 and 25 uM.

While the tested concentrations of 50 and 100 uM did not obtain
significant difference. 1Cso values at 24-hour time were 24.95 yM for the la
derivative and 21.61uM for compound 1b, whereas for the 48-hour time the ICsg
of 1a and 1b were 11.76 and 9.62 uM, respectively (Table 1).

By analyzing the action of the compounds on breast tumor cells, it was
observed that cytotoxicity was concentration and time dependent. These results
show that both compounds 1la and 1b have antitumor potential in the analyzed
breast line, however, compound 1b is more effective in inhibiting tumor growth.
Commercial AZT, on the other hand, did not prove to be toxic at any of the
concentrations tested and, therefore, it was not possible to calculate the I1Cs
(figure 2).
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Figure 2: Cell viability in MDA-MB-231 strain after 24 and 48 hours of incubation at different
concentrations of AZT (A), 1a (B) and 1b (C) compounds. The results were performed by mean
+ standard error of the mean (SEM). For this analysis, two-way ANOVA analysis was used,
followed by Bonferroni multiple comparisons test. It should be noted that p < 0.05 was
considered significant. The vehicle used in the tests was DMSO
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Table 1: ICsq values of AZT derivatives in the treatment of human breast cancer
cells

Compound 24h - ICsp (UM) 48h - ICso (UM)
1a 24.95 = 6.05 11.76 £ 2.97
1b 21.61+2.44 9.62+1.35

All data were obtained from three independent experiments and are presented with mean
* standard deviation of the mean.

Analysis of the induction of apoptosis by la and 1b derivatives in MDA-
MB-231 cells

To examine whether zidovudine derivatives la and 1b could induce
apoptosis in MDA-MB-231 cells, the induction of apoptosis was determined
quantitatively by the flow cytometry assay. The results obtained (figure 3)
demonstrated that the compounds did not cause apoptosis in the cells, so no
significant differences between the groups (p <0.05) at the tested concentration
of 12.5 uM were observed in the 48-hour time.
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Figure 3: Induction of apoptosis by 1la and 1b derivatives in MDA-MB-231 breast cancer cells.
Cells treated with 12.5 yM of 7m and 7r derivatives for 48 h were examined for apoptosis by
flow cytometry. (A) Flow cytometry graphs for Annexin V-7AAD analysis (B) Percentage of
apoptotic cells. Data represent the mean * standard error of the mean (SEM) of three
independent replicates.

Induction of cell growth arrest through the l1la and 1b derivative

compounds

To elucidate the activity of the compounds derived from AZT, the
mechanism responsible for the effect of cell growth inhibition was evaluated.

The cell cycle distribution profile was examined by flow cytometry with
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propidium iodide staining. In figure 4 it is observed that the derivative la
increased the number of cells in the S phase (27.3%) as well as its analogue 1b
(28.2%) in relation to the control (19.35%) demonstrating cycle stop in the S
phase. which in the Go/G1 phase stopped the control (51.75%) and reduced the
treatments (40.55%) to 1a and to the derivative 1b (44.9%). In the G, / M phase
the control had a 19.7% cellular distribution and the zidovudine derivatives had
a cellular distribution of 1a (16.9%) and 1b (19.95%) for this phase of the cycle.
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Figure 4: Induction of cell cycle arrest by 1a and 1b derivatives in MDA-MB breast cancer cells.
Cells were treated with 12.5 pM of the derivatives for 48 hours the distribution of the cells at
each stage of the cell cycle was analyzed by flow cytometry with propidium iodide staining. (A)
shows the DNA content histogram and (B) shows the percentage of cells in each cycle phase.
Data represent the mean + standard error of the mean (SEM) of three independent
experiments. Two way ANOVA followed by tukey was applied. * p = 0.001.
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Combination of derivatives 1a and 1b with doxorubicin

At the concentration of 6.25 yM the inhibitory effect of the la derivative
when combined with doxorubicin (at concentrations of 0.5, 1 and 2 yM) was
51.8, 50.64, 54.2 was higher than the inhibition of 1a alone (9.1%) and the
single doxorubicin 34.2, 33.6, 58.75%. Likewise, at the 12.5 yM concentration
the inhibition of la cell growth alone was 56% when the compound was
combined to doxorubicin the inhibitory effect was 74.9, 72.49 and 75%. At these
concentrations inhibition of the derivatives and doxorubicin demonstrated
superior results to the compound and doxorubicin alone. Combinations of
doxorubicin with compound l1a have a significant difference from the compound
alone at concentrations of 6.25 and 12.5 yM (figura 5).

At the concentration of 25 pyM the inhibitory effect was 91% of the
compound alone and when combined with doxorubicin the percentage of
inhibition was 100% and the combinations had no significant difference in
relation to the compound alone.

For compound 1b at the concentration of 6.25uM the inhibitory effect of
the combined doxo derivative was 54.6, 52.2, 51.2% showing a greater
cytotoxicity than the 1b derivative alone (12.6%) and the single doxo (34.2,
33.6, 58.75 %). At this concentration the combinations had a significant
difference in relation to the individual 1b derivative.

At the concentration of 12.5 yM the inhibitory effect of the 1b derivative
alone was 68.9% when combined with the inhibitory effect was 78.8, 76.5 and
80.4%. At the concentration of 25 yM the inhibitory effect was 95% of 1b
isolated and when combined with doxorubicin the percentage of inhibition was
100%. Both concentrations did not differ significantly from compound 1b.
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Figure 5: Inhibition of growth induced 7m and 7r derivatives with doxorubicin in breast cancer MDA-MB-231
cells. MDA-MB-231 cells were treated with AZT 7m or 7r derivatives at concentrations of 6.25, 12.5 and 25
uM and doxorubicin at 0.5, 1 and 2 uM for 48 h. Inhibition of growth of individual treatments and combined
treatment was measured by MTT assay. Tukey post-hoc two-way ANOVA was used to analyze statistical
significance. * Means statistical difference between the control group (** p <0.01; *** p <0.001). The results
represent the mean + SEM of three independent experiments.

In silico assessment of pharmacokinetics

In the Table 2 shows the bioavailability of compounds 1a, 1b and AZT.
The AZT has greater solubility in gastric and intestinal fluid than in other fluids.
On the other hand, the compounds la and 1b have a higher permeability in
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tissues. Regarding plasma protein binding, 71.298% of the AZT molecule does
not bind to plasma proteins, whereas 4.532% and 3.632% of the 1a and 1b
molecules do not bind to these proteins respectively.

Regarding metabolism, both compounds are metabolized in the liver and
have an intrinsic clearance rate of enzyme metabolism in phase | of 50.674 pl /
min/nmol enzyme in CYP 3A4 (1a), 167.760 pl/min/nmol enzyme in the enzyme
CYP 3A4 (1b) and 26.208 pl/min/nmol enzyme in CYP3A4 (AZT). While in
phase Il it acts is UGT1A for la and 1b and UGT2BT for AZT. The
recommended daily oral dose is 131.051 mg/kg, 125.896 mg/kg and 443.625
mg/kg for 1a, 1b and AZT respectively. In this sense, compounds 1a and 1b are
not toxic to chromosomes, since the molecule of AZT has a mutagenic risk. The
main adverse effects of these compounds are: skin allergies, possible hepatic
lipidosis, can be toxic to the reproductive system and interaction with the
enzymes Alkaline phosphatase (ALP), gamma glutamyl transferase (GGT),
aspartate aminotransferase (AST) and alanine aminotransferase (ALT).

During the simulation of absorption of 1a, 1b and AZT (10 mg/kg), we
can observe that the % of absorption in 24h is 99.93%, 99.99% and 96.32% in
humans respectively. The bioavailability of the compounds in 24h is 97.70%
(1a), 98.01% (1b) and 81.35% (AZT) in humans. The maximum plasma
concentration in 24 hours is 215.830 ng/ml, 192.190 ng/ml and 91.48 ng/ml for
la, 1b and AZT respectively in humans. The volume of distribution of 1a and 1b
are 30.783 L/kg and 30.789 L/kg, and for AZT 46.643 L/kg in humans.
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Table 2. Physical chemical properties of compounds 1a, 1b and AZT through in

silico analysis by ADMET predictor software.

PHYSICAL AND CHEMICAL
PROPERTIES

la 1b AZT
Permeability in the 2.615 cm/s 2.120 cm/s 1.349 cm/s
jejunum
Permeability in 40.221 cm/s 36.895 cm/s 31.448 cm/s
tissues
Skin permeability  2.842 cm/s 8.679 cm/s 0.039 cm/s
Solubility in water ~ 14.628 ng/ml 10.013 ng/ml 17.593 ng/ml
Solubility in gastric 3.642 mg/ml 1.058 mg/ml 41.229 mg/ml
fluid
Solubility in  0.316 mg/ml 0.040 mg/ml 31.667 mg/ml
intestinal fluid (not
fed)
Solubility in  20.883 mg/ml 11.083 mg/ml 23.278 mg/ml
intestinal fluid
(fed)
Penetration into High High High
the blood-brain
barrier Log 0.279 Log 0.308 Log 0.290
Mean plasma Log 0.998 Log 1.192 Log 0.879
concentration
Percent not bound 4.532% 3.632% 71.298%
to plasma proteins
Distribution volume 0.556 L/kg 0.613 L/kg 0.674 L/kg
METABOLISM
Main metabolizing Liver Liver Liver
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organ

Enzyme
metabolism

intrinsic clearence

(rate) — Phase |

Phase Il

CYP 3A4

50.674
uL/min/nmol
enzyme

UGT1A

CYP 3A4

167.760
uL/min/nmol
enzyme

UGT1A

CYP3A4

26.208
uL/min/nmol
enzyme

UGT2BT

TOXICITY

Recommended
daily

toxicity)

Toxicity
chromosomes

Awareness

Lethal dose mice

Adverse effects

maximum
oral dose (acute

131.051 mg/kg

No

Skin allergy

Possible
hepatic
lipidosis

Toxic in
reproductive
system

1124.585
mg/kg

Interaction with
the ALP, GGT,
AST, ALT

125.896 mg/kg

No

Skin allergy

Possible
hepatic
lipidosis

Toxic in
reproductive
system

1121.568
mg/kg

Interaction with
the ALP, GGT,
AST, ALT

443.625mg/kg

Yes,
mutagenic risk

No

Possible
hepatic
lipidosis

Toxic in
reproductive
system

664.669 mg/kg

Interaction with
the ALP, GGT,
AST, ALT
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enzymes enzymes enzymes

Not interact Not interact Not interact
with with LDH and with LDH and
FA FA
LDH and FA
General  Toxicity 2 2 3
(0-6)
SIMULATION
10 mg/kg dose of
drugs — humans
% of absorbed 99.93% 99.99% 96.32%
fraction in 24h
Bioavailability in 97.70% 98.01% 81.35%

24h

Maximum plasma 215.830 ng/ml  192.190 ng/ml  91.48 ng/ml
concentration in 24
hours

Plasma 2.56h 2.98h 2.07h
concentration time

Distribution volume 30.783 L/kg 30.789 L/kg 46.643 L/kg

Abbreviations: gamma glutamyl transferase (GGT) enzyme; aspartate
aminotransferase  (AST); alanine  aminotransferase  (ALT); lactate

dehydrogenase (LDH); alkaline phosphatase (ALP).

Discussion

Through the presented results we can verify that the MTT test
demonstrated cytotoxicity of 1a and 1b in MDA-MB-231 cells with I1Csq of 24.95
and 21.61 yM in 24 hours and 11.76 and 9.62 uM in 48h, respectively. In this

sense, we can observe that there was no early or late apoptosis at the
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concentration tested. While in the cell cycle test, we obtained cycle stop in the S
phase in the concentration previously mentioned.

The MTT reduction assay in which viable cells with active metabolism
convert the reagent 3-4,5-dimethyl-thiazol-2-yl-2,5-diphenyltetrazolium bromide
to formazan crystals. Through this assay we can see that zidovudine 1a and 1b-
derived compounds exhibited cytotoxicity against the MDA-MB-231 triple
negative breast cancer tumor line inhibiting its cell growth by 50% from the 25
MM concentration in the 24-hour time. In addition to these findings, compounds
(1a and 1b) demonstrated cytotoxic activity in bladder carcinoma cells (5637)
exhibiting a 50% inhibition at a concentration of 8.09 uM for the la derivative
and 1.99 yM for compound 1b in 24 hours exposure (MUNCHEN et al., 2018).
Compound 1b is shown to be more effective in inhibiting tumor growth in both
breast cancer and bladder carcinoma. According to Avendafio (2001), adding
carbons in the structure increases the activity of the derivative in relation to its
prototype.

Corroborating the results that compounds containing tellurium present
as promising therapeutic agents for cancer, the Da Rosa (2017) study
demonstrated the prominent cytotoxic action of tellurium-thymidine on bladder
carcinoma cells with I1Csy value of 6.61 yM in 24 h and 7.94 uM in 48 h of
treatment compared to the compounds containing selenium and sulfur (DA
ROSA et al., 2017).

The compounds of tellurium have several biological properties, such as
antimicrobial, anthelmintic, antiprotozoal, antioxidant, immunomodulatory and
antitumor (EL et al., 2015; NOBRE et al., 2014; R. CUNHA, 2009). In the
present work, the use of antioxidant therapies has been demonstrated to be
effective in the prevention of or minimizing oxidative damage in biomolecules
(DALMOLIN et al., 2018; R. CUNHA, 2009), making them promising candidates
for use in the development of antioxidant therapies. the body against cellular
damage caused by oxidative stress (BANDEIRA et al., 2018).

It is consolidated that oxidative stress promotes damage to DNA, RNA,
lipids and proteins. In addition to DNA fragmentation, reactive species of
exigencia can cause the malfunction of the DNA repair system, contributing to
the development of diseases, such as cancer (SOSA, 2013). In addition,

organotheluric compounds promote inhibition of the thioredoxin / thioredoxin
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reductase system (TrxR) (ENGMAN et al., 2003). A (TrxR) is overexpressed in
many types of cancer and has been recognized as an anti-cancer target
(ZHENG et al., 2019).

We know of the previously described activities of tellurium, we noticed an
important issue in the development of new drugs, cell selectivity, so the
derivatives 1a and 1b were previously tested by our research group in non-
tumor cells in the CHO-k1 lineage. Through this study it was possible to
observe a preference in inhibiting the growth of tumor cells rather than healthy
cells by means of the MTT assay (MUNCHEN et al., 2018). The best action of a
molecule on a specific target, rather than on healthy cells, is a desirable
desirable behavior for chemotherapeutic drugs.

Although, tellurium, in low concentrations, induces acute and chronic
toxicity in a variety of organisms. However, several studies have shown that
trace amounts of tellurium are present in body fluids such as blood and urine
(GOULLE et al.,, 2005). Nevertheless, there are reports in the literature
attributing low toxicity to different organic compounds of tellurium (COMPARSI
et al., 2014).

In the present study, commercial AZT was used which was not toxic to
MDA-MB-231 tumor cells. The commercial AZT was also tested in breast
carcinoma cells (MCF-7 and MDA-231) (WAGNER ET AL., 2018) and in
bladder cancer cells (MUNCHEN et al., 2018) with low cytotoxic action which
indicates that the addition of the tellurium atom in the base structure of the
compound increases the inhibition of tumor cells.

In this way, Du et al. tested organic compounds in colon cancer cells
(HCT116) and obtained generation of O, radicals in cancer cells. In addition,
treatment of HCT116 cells with the organotheluride resulted in G2 cell cycle
arrest and induction of apoptosis (Du et al., 2014). In our study, AZT derivatives
containing tellurium were not able to induce apoptosis under the experimental
conditions tested as well as the compounds containing tellurium of Da Rosa and
coworkers that did not induce apoptosis in the bladder carcinoma cells (DA
ROSA et al., 2017).

In the analysis of the cell cycle by flow cytometry we obtained cell cycle
arrest in the S phase consistent with the antimetabolite and intercalating
function of the DNA of the AZT molecule (FURMAN et al., 1986). There are
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literature data which corroborate our findings that AZT is responsible for cell
accumulation in the S phase of the cell cycle. Our results are in agreement with
other studies carried out with bladder carcinoma and AZT derivatives containing
tellurium atoms, which also presented cell cycle arrest in the S phase (DA
ROSA et al., 2017; MUNCHEN et al., 2018).

We also show an analysis of the combination of AZT derivatives 1a and
1b with doxorubicin. These combinations were, at a lower concentration, more
effective at inhibiting growth than single treatment with derivatives at the same
concentration, potentiating inhibition of cell growth. It may be suggested that the
increase in inhibition is due to interaction with doxorubicin.

One possible explanation for the increase of the cytotoxic effect
observed is the fact that doxorubicin has as one of the mechanisms of action to
merge the DNA and the subsequent disruption of DNA repair mediated by
topoisomerase-ll (SLAMON, 2011). Similarly, AZT is incorporated into DNA by
blocking the action of intracellular enzymes, such as polymerase, during
replication and blocks chain elongation (GOMEZ; ARMANDO; ALONSO, 2012).
In this way, the cell division of tumor cells would be compromised by the
mechanism of action of the two drugs.

Another mechanism of action of doxorubicin involves oxidative stress to
cell membranes, DNA and proteins (TOKARSKA-SCHLATTNER et al., 2006)
effect may be potentiated by tellurium atom incorporated AZT derivative as
synthetic compounds containing organotelirio have been described as
antioxidant agents and the use of antioxidants is the most effective way to
protect the body against cellular damage caused by oxidative stress
(BANDEIRA et al., 2018).

As the Claudin- low epithelial-mesenchymal transition has characteristics
subtype and / or biological characteristics similar to those particular stem cells
have been associated with therapeutic resistance (PRAT et al., 2010). The use
of combination chemotherapy with drugs is advantageous compared to
monotherapy (CHOU, 2010). Although preliminary, these results indicate that
the combination of AZT derivatives of DOX increase the cytotoxic potential of
this drug, which could reduce the dose of administration and therefore

circumvent the toxic effects and possible drug resistance carried by the body.
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The antitumor activity of AZT alone was re-studied in 1997 by Wagner in
which in vitro experiments AZT exhibited significant antitumor activity against
lineage of MCF-7 breast cancer cells. Analysis of these data revealed that AZT
was able to inhibit the proliferation of these cells over a range of concentration
higher than the standard antineoplastic drug, fluroxidine (FUdR), with a 50%
growth inhibition (ICsp) concentration of 10.0 + 5.0 nM (Wagner et al., 1997).
Studies indicate that the antineoplastic action of AZT can produce a specific
inhibition of telomerase by other means, independently of its action as a chain
terminator or by the shortening of the telomeres which would lead the cells to
senescence and consequent death, which seems to be mediated by the p53
protein (DATTA et al., 2006; GOMEZ; ARMANDO; ALONSO, 2012).

Several trials have demonstrated that AZT alone has limited efficacy in
vitro, however its combination with thymidylate synthase inhibitors has been
shown to increase cytotoxicity of the drug, especially in colon céancer
(BRUNETTI, 1990). Therefore, AZT was once again used to restore the
sensitivity of cells resistant to some compounds, such as cisplatin, methotrexate
or 5-fluorouracil (ANDREUCCETTI et al., 1996; TOSI et al., 1992).

These results indicate that the combination of AZT, with the ability to
interconnect in DNA and calcogen atoms, especially Te, in a single chemical
molecule represents an innovative approach in the development of new agents
with antitumor potential for breast cancer, especially lineage MDA-MB-231. In
this sense, tellurium proved to be a safe molecule with respect to toxicity at the
doses tested and selectivity between the cancerous and healthy cells. In
addition, the data point out desirable characteristics to a drug with antitumor
properties as protection against oxidative stress and inhibition of overexpressed
systems in cancer cells and at higher doses can cause apoptotic cell death due
to the tellurium atom.

Considering the effects of l1la, 1b e AZT, the knowledge of its
pharmacokinetic properties is important. According to in silico analysis, 1a, 1b e
AZT had a good permeability in tissues of humans. In addition, the 1a, 1b and
AZT have high penetration into the blood-brain barrier. Its metabolism is
performed by the liver for all compounds. According to the simulation, the 1a,
1b e AZT are practically all absorbed in 24 hours in humans. In addition to this,

the bioavailability of 1a, 1b e AZT in 24h is higher in humans. In this sense, the
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predicted lethal dose of 1a, 1b e AZT in mice are relatively high, giving a good
therapeutic window for the compounds. The 1la and 1b did not present toxicity
in chromosomes, but the AZT have high toxicity in chromosomes being this
mutagenic risk. In this sense, this is the main advantage of the compounds

derived from AZT, not present mutagenic risk.
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5 CONCLUSOES GERAIS

Os compostos derivados de zidovudina foram avaliados para aplicagbes
biolégicas como agentes antitumorais contracarcinoma da mama (MDA-MB-
231). Os derivados sintéticos de AZT 1a e 1b os quais contém moléculas de Te
em sua composicdo, apresentaram atividade citotoxica seletiva por células
tumorais de mama corroborando com o objetivo do trabalho e apresentaram
melhores resultados em comparacdo com a molécula de AZT convencional.
Esse efeito pode ocorrer devido a inducdo de parada do ciclo celular pelos
compostos, no tratamento combinado, ambos os derivados aumentaram,
significativamente, a inibicdo do crescimento celular na linhagem MDA-MB-231
guando comparada aos tratamentos individuais. Deste modo os derivados de
AZT podem ser considerados novos candidatos a farmacos com potencial

antitumoral.
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